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Abstract 
In order to reduce stress shielding following a segmental bone replacement surgery requires stiffness matching strategies 
between the host bone and the implant are required. Carefully engineered implant geometry that can mimic the mechanical 
performance of the host bone is required to achieve this. The development of Additive Layer Manufacturing (ALM) 
techniques such as Direct Metal Laser Sintering (DMLS) allows for the fabrication of complex geometries that can achieve 
targeted mechanical performance. Consequently, this work introduces a sheathed Ti6Al4V additively manufactured tibial 
implant that mimics the circumferential anatomy of the host bone. Performance evaluation of the implant was carried using 
experimental and numerical technique under axial compression. Furthermore, the influence of sheathing strategy and sheath 
thickness on the compressive performance of the implant is parametrically analysed. The results of this study shows a 
promising sheathed implant that can replace a defective tibia bone segment. The implant is superior to conventional porous 
implants as it allows for easy implantation in surgical operation and allows for the reduction of stress shielding. 
Keywords: Sheathed Tibia Implant; Stress Shielding, Direct Metal Laser Sintering, Finite Element Analysis, Anatomical 
Design, Compression, Lattice Structure 
 
1. Introduction 
Additive Layer Manufacturing enables tailored porous 
material to be designed with desirable mechanical properties. 
Lattice architecture, specifically periodic open cellular unit 
cells are of interest. Previous studies have shown lattice 
structure architecture can affect both mechanical, bio-
compatibility and bone reintegration (1,2). However, 
Implants for bone reintegration should meet certain criteria 
to, including mechanical properties comparable that of the 
host bone, biocompatibility and biodegradability at a rate 
commensurate with remodelling (3,4). Implants serve 
primarily as osteoconductive moieties, since new bone is 
deposited by creeping substitution from adjacent living tissue 
(5). 
The biocompatibility of commercially used titanium alloy 
(Ti6Al4V) is well founded in medical environments (6,7). 
However, the use of traditional Ti6Al4V implants in-vivo 
presents mechanical property mismatch, specifically the 
phenomenon of stress shielding (8). 
Historically orthopaedic implants have been manufactured 
using cast or forged solid pieces of metal, that are order of 
magnitude stiffer than natural bone. Implants should have 
matching stiffness and strength properties of hard tissue 
(9,10). Computational tomography (CT) tools and the 
generation of anatomical models are enabling improved 
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patient care by providing insight into biological responses 
resulting from patient trauma.  
CT technologies are well founded within medical and 
engineering sectors (11), convergence of disciplines is 
enabling the generation of three-dimensional bio-models, 
(9,10,12). Additive layer manufacturing (ALM) methods 
have enabled production of anatomical products derived 
from bespoke bio-models. Complex and additively 
manufactured biomaterials have been shown to improve bone 
regeneration and osseointegration (13-15). 
In this paper both CT and ALM (16) are combined to 
generate a bespoke bio-model of the tibia bone segment. 
Using the bio-model as reference, linearly multiplied unit 
cells were designed to obtain the anatomical profile. 
Numerical analysis was performed to evaluate the suitability 
of the anatomical tibia implant under compression. Under 
identical boundary conditions, mechanical testing was 
performed to validate the finite element predictions (17-19). 
Furthermore, parametric analysis on the influence of sheath 
strategy and thickness on the mechanical performance of the 
implant evaluated. In addition, the surface roughness of the 
Ti6Al4V implant was characterised using optical microscopy 
to characterise the potential for bone growth. 
2. Methodology 
2.1. Bio-model of the segmented bone 
From the tibia bone shown in Figure 1, an arbitrary 
section of length 21.2 mm was cut using a rotary saw blade. 
Using the segmented bone, the Bruker Skyscan 2211 CT 
scanner was used to generate the segmental bone topography. 
Even though the process created a fine resolution 3D model, 
for computational efficiency only the surface topography was 
extracted in the form of Standard Tessellation Language 
(STL). 
 
Figure 1. Segmented tibial section considered for the generation of 
the digital bio-model. 
 
The STL file was then imported into a commercial 
Computer Aided Design (CAD) package SolidWorks and a 
digital model was generated using Bézier splines. The 
resulting model as shown in Figure 2 was used to generate 
the volumetric anatomical bio-model. A bottom up 
modelling approach was then used to generate a singular unit 
cell to fill the anatomical volume. 
 
Figure 2. Topology of the digital bio-model mimicking the 
circumferential anatomy of the host bone.  
Numerous unit cell designs were investigated both in 
terms of the relative densities and stress distribution (20). 
Based on the results obtained the most suitable unit cell with 
dimensions shown in Figure 3 was considered for the implant 
design. A uniform scaling factor () of 0.424 was used to fit 
five-unit cell within the segmented height of the bio-model. 
 
Figure 3. Final unit cell design considered for the implant. 
The generated bio-model was filled with the selected unit 
cell using triaxle linear patterning. After linear patterning, the 
Boolean combine and difference operation was used to 
produce the three-dimensional anatomical lattice structures. 
A total of four implant categories were considered for the 
anatomical design as shown in Figure 4. The selection was 
based on whether the design featured a sheath including its 
location (inside, outside or both). Based on the sheath 
thickness, there are slight differences in the anatomical 
profile due to geometrical limitations. 
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Figure 1. (a) sectioned tibia bone, (b) 
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The parametric variables considered for the four design 
categories are listed in Table 1. Design NS feature no sheath, 
while IS and OS features inside and outside sheath 
respectively. Whereas, Design IOS features both inside and 
outside sheath. 















NS1 0 0 
Inner Sheath 
(IS) 
IS1 0.1 0 
IS2 0.2 0 
IS3 0.3 0 
Outer Sheath 
(OS) 
OS1 0 0.2 
OS2 0 0.3 
OS3 0 0.4 
OS4 0 0.5 
OS5 0 0.6 
Inner and Outer sheath 
(IOS) 
IOS1 0.1 0.23 
 
2.2. Numerical analysis 
Three-dimensional (3D) numerical analysis was carried 
out using the Finite Element Method (FEM). A commercial 
FE code as part of the SolidWorks 2018 simulation suite was 
used to analyse all the design variations as listed in Table 1. 
A solid elemental matrix that featured a linear tetrahedral 
element defined by four corner nodes connected by six 
straight edges was used for the mesh. Using a mesh 
sensitivity analysis, further mesh refinements were carried 
out until the results converged. The resulted elemental and 
nodal distribution for the converged finite element model  
was 4471889 and 6844490 respective. The elemental matrix 
was solved using an Intel Core i7-6700 CPU at 3.40 GHz 
with a maximum RAM allocation of 128 GB. The resultant 
mesh and solution time were approximately 18 and 21 
minutes respectively. 
The boundary conditions were applied to replicate the 
physical test conditions as shown in Figure 5. The bottom 
surface of the implant was fully constrained to zero 
displacement and a perfectly axial normal surface pressure 
was applied at the top face. For the implant, the surface 
pressure applied on the top surface was calculated by 
dividing 1000 N (~100 kg) by the surface area of the bio-
model which was 73.5mm2 resulting in a pressure of 
13.6MPa. 
 
Figure 5. Boundary conditions and mesh resolution used for the 
numerical simulation. 
The implant lattice was modelled as a single continuum 
body with Ti64 (Ti6Al4V) material properties. An isotropic 
material model with Young’s Modulus () of 104.8 GPa, 
density () of 4428.78 kg/m3 and Poisson’s ratio of 0.3 
were used. From the FEA results, the Eqn. 1 (20) was used to 









Where,   is the relative Modulus of the unit cell used 
for the implant design,  is the Young’s modulus of the 
bulk material, 	 and 	  is the maximum stress and   
strain in y direction. The strain is obtained as the ratio of the 
maximum axial deflection from FEA (mm) to original height 
of the implant, which is 21.2 mm. 
2.3. Direct metal laser sintering (DMLS) 
The direct metal laser sintering was performed using 
Ytterbium fibre laser system that uses Ti64 particles  25-40 
μm in diameter. Laser scanning speed was 7 mm/s with a 
wavelength of 1054 nm. The laser power was set at a 
constant 195 watt and spot size of 40 μm was used. Only the 
implant design IOS was manufactured as it was the most 
complex. The parts were printed using EOS M290 additive 
manufacturing machine. Build support were generated at 
1mm and removed using submerged wire Electro-Discharge 
Machining (EDM). After the printing process, the implant 
was heat treated at 650oC for 3 hours in an argon 
environment. 
2.4. Experimental testing and surface characterisation 
The compression test was conducted using the Zwick-
Roell Z1474 testing rig. A maximum load of 90 kN with a 
force shutdown threshold of 20% and maximum deformation 
of 10% was applied. The threshold and deformation value 
Displacement constrained to 
zero bottom surface 
Normal pressure of 13.6 MPa applied 
on the top surface 
Magnified view 
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were used to ensure the compression plates did not collide. A 
stress strain curve was obtained for further analysis. 
The surface roughness characterisation was carried out 
using the Olympus LEXT OLS3100 confocal laser scanning 
microscope. 
3. Results 
3.1. Numerical results 
The unit cell used as the basis of the implant design was 
characterised using the Maxwell criteria, the results of which 
are presented in Table 1. The density of the unit cell was 






Where, the   and   are the mass of the unit cell 
and volume of the bulk material respectively. Further to this, 
relative density of the unit cell to bulk Ti64 was calculated 





The relative Young’s Modulus () was then calculated 
using Eqn. 4: 
 ≈   ∙  
 

  (4) 
 
Table 2. Properties of unit cell. 
Properties values 
Unit cell relative density ( ) 0.2461 
b (number of beams) 24 
j (number of joints) 16 
 =  − 3 + 6 -18 
Relative Young’s Modulus  (GPa) 6.35 
 
A total of 10 implant design under four categories as listed 
in Table 1 were developed based on the same unit cell. 
Following the Maxwell criterion for lattice structures, the 
relative density  #$% of the implant designs are 
evaluated as listed in Table 3. The bulk volume of the bone 
&'() was derived from digital bio-model as 3816 ,. 
The highest relative density of the implant ( #$%) was 
exhibited by the design OS5, which featured only the outer 
sheath having a thickness of 0.6 mm. The lowest  #$% was 
exhibited by NS1 which featured no sheath at all. It can be 
also seen that after rounding, design OS1 and IS3 feature 
similar relative density. A similar trend can be observed for 
designs OS2 and IOS1 despite featuring different sheathing 
strategies. Overall, the relative densities for all designs are 
within a 0.25 to 0.43 range which relates to a porosity (-) 
range of 57-75% which is conducive for bone growth. 












NS1 0949.48  4.21  0.25 75.09 
IS1 1025.52  4.54  0.27 73.14 
IS2 1098.66  4.87  0.29 71.18 
IS3 1172.26  5.19 0.31 69.29 
OS1 1179.37  5.22  0.31 69.11 
OS2 1292.62  5.72  0.34 66.15 
OS3 1405.13 6.22  0.37 63.20 
OS4 1519.26  6.73  0.40 60.18 
OS5 1632.78  7.23  0.43 57.22 
IOS1 01292.9 5.73 0.34 66.27 
 
Figure 6 shows the theoretical Young’s modulus (./)') 
plotted against the relative density. As expected, a higher 
relative density gives rise to a higher modulus. The highest 
Young’s modulus was exhibited by OS5 that feature only an 
outer sheath and lowest by NS1 (no sheath). 
 
Figure 6. Theoretical Young’s modulus predicted for the implant 
designs considered and their associated relative densities. 
The segmented bone was experimentally tested and 
resulted in a Young’s modulus (&'()) of 18.01 GPa. 
Comparing the theoretical performance of the implant 
designs with the performance of the segmented bone, designs 
OS5 and OS4 shows comparable performance with 
difference of +6.29% and -8.02% respectively. 
Figure 7 shows the von Mises stress distribution compared 
against the four design categories under an uniform contour. 
The theoretical limit of the contour was obtained by dividing 
a 1000 N working load with the representative cross-
sectional area (73.5 ) of the bio-model normal to the 
load. This resulted in a theoretical maximum of 13.7 MPa 
(rounded). Comparing the results, it is evident that, with or 
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the lattices. However, using the external sheath causes a 
higher stress concentration compared to internal sheath of 
similar thickness. Consequently, sheath thickness must be 
carefully chosen to not dominate as the primary load bearing 
structure. For IOS1, it is evident that the combination of 
different sheath thickness ensures that the stress is uniformly 
distributed within the structure. Nevertheless, varying the 
sheathing strategy can be adopted to prevent maladapted 
stress concentration within segmented section. 
 
 
Figure 7. von Mises stress (MPa) for the four implant categories 
considered where (a) NS1, (b) IS2 (c) OS1 and (d) IOS1. 
The maximum normal stress values obtained for all 
designs are shown in Figure 8. Comparing the normal stress 
for the design featuring only inner sheath (IS), it is evident 
that increasing the sheath thickness induces a higher stress 
concentration with in the design. 
Increasing the inner sheath thickness from 0.1 to 0.2 the 
increase in stress concentration was 2.76%. However, when 
the thickness was increased from 0.2 to 0.3, the stress 
concentration increased 33%. Accordingly, to enable an even 
distribution of the stress while going for an IS design 
strategy, the sheath thickness must be kept to a minimum, 
preferably 30.1 mm. However, compared to the sheath-less 
design, having a smaller inner sheath distributes the stress 
more evenly. Nevertheless, the Ti64 DMLS process requires 
a minimum of 100 µm for a repeatable print. A 300 µm is 
often considered repeatable within an accuracy of ±1% for 
bulk compression. 
For the outer sheath design, both increasing and 
decreasing the thickness seems to affect the stress 
concentration drastically. However, the stress concentration 
reduced at thicknesses 0.3, 0.4 and 0.5 in comparison to 0.2 
and 0.6. Furthermore, the outer sheath strategy seems to be 
superior from a stress perspective compared to IS and NS 
strategy. 
 
Figure 8. Normal stress for the implant designs obtained from finite 
element analysis. 
Comparing the performance of the non-sheath design with 
the inner and outer sheath strategy (IOS), it is evident that the 
performance of IOS is superior to that of NS. Consequently, 
the stress concentration reduced drastically when both inner 
and outer sheath was introduced in comparison to a non-
sheath design. Therefore, in order to reduce stress 
concentration within the implant design, the IOS sheath 
strategy is suitable in comparison to the other alternatives 
considered. Overall, IOS1 showed the lowest stress 
concentration, followed by OS2 and OS4. 
 
Figure 9. Comparison of Young’s modulus from Maxwell criterion 
and Finite element analysis. 
Comparing the theoretical Young’s modulus with FEA as 
shown in Figure 9. It is evident that that Maxwell criteria 
cannot accurately predict the stiffness of the anatomical 
lattice geometry that does not feature a sheath as the stress 
concentration is dominant. This is due to the irregular 
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planes within lattice itself. The Maxwell criterion is 
primarily driven by the relative density and assumes that the 
material is distributed symmetrically within the lattice 
structure. 
From Figure 10, it is evident that Maxwell criteria 
underestimates the Young’s modulus of designs with a 
relative density <0.34. on the other hand, when the designs 
featured a relative density >0.34, the elastic performance was 
overestimated. In terms of numerical accuracy, the worst 
agreement was for OS5 followed by IS2 at a difference of 
6.30 and 5.87 GPa respectively. The best agreement was 
exhibited by IOS1 followed by OS2 with a difference of 0.02 
and 0.63 GPa respectively. 
 
Figure 10. Influence of relative density on the prediction of 
Young’s modulus using Maxwell criterion and FEA. 
From FEA the highest stiffness was exhibited by OS5 
(EFEA=19.18) which was expected due to the largest sheath 
thickness. The lowest was exhibited by the sheath-less design 
NS1. It is evident that introduction of sheathing strategy 
makes the mechanical behaviour of the designs complex 
primarily due to stress concentration. 
Comparing the implant performance (EFEA) with the 
segmented bone (Ebone= 18.01 GPa), designs IS2 showed the 
closest performance followed by OS4 at a difference of 3.44, 
and 4.03 GPa respectively. However, this is primarily due to 
the stress concentration due to the sheathing strategy 
considered. Consequently, the design IOS1 with a predicted 
Young’s modulus of 11.94 (EFEA) was chosen as the best 
design for prototyping and experimental testing. 
3.2.  Prototyping and mechanical testing 
Based on the numerical analysis the design IOS1 was 
additively manufactured as shown in Figure 11. As expected 
with DMLS, a rough surface finish was created due to the 
layer-by-layer melting that occurs during ALM. The implant 
was then tested using the compression testing machine to 
failure. 
The stress-strain curve obtained from the experimental test 
shown is shown in Figure 12. The curve exhibited a typical 
profile that can be expected from Ti64. The test resulted in a 
Young’s Modulus of 14.58 GPa. Comparing the 
experimental Modulus with FEA, a difference of 2.66 GPa 
was observed. Consequently, the FEA underestimated the 
Young’s Modulus by 20% with respect to experimental tests. 
 
 
Figure 11. Additively manufactured implant prototype. 
The implant exhibited an ultimate bearing strength of 1.02 
GPa, compared to the Ti64 data sheet value of 1.74 GPa. 
This is a percentage reduction of 58.6% at a relative density 
of 33.9%.  
The usual working stress that can be expected at the 
segmented tibial section based on a load of 100 kg for static 
and dynamic loading is ~5.5 and ~55.5 MPa respectively. In 
comparison, the implant being considered is far superior 
exhibiting a bearing strength approximately twice that of the 
dynamic working stress expected at the tibial section. 
However, an implant performance close to the working stress 
may be beneficial to accelerate the process of ossification. In 
comparison, the implant design IOS1 is superior exhibiting a 
bearing strength of approximately 1.02 GPa. 
 
Figure 12. Experimental stress-strain curve obtained for IOS1. 
3.3. Visual inspection 
The prototype of the surface was investigated using the 
three-dimensional confocal microscope. The surface 
roughness profile was identified to be between 25 μm and 90 
μm with a mean value of 56.78 μm as shown in Figure 13. It 
is evident that the semi-melted powder particles adhering to 
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Figure 13. Surface roughness characterisation of the implant 
surface using confocal microscope. 
4. Discussion 
Stress shielding inhibits ossification, as such constant 
stress distribution through both unit cell and lattice structure 
was sought to facilitate bone growth. In an attempt to 
facilitate this, a suitable unit cell as shown in Figure 3 with a 
uniform stress profile (20) was chosen as the building block 
of the all the implant designs tested. 
A total of ten implant designs with parameters as shown in 
Table 1 were considered under four categories as shown in 
Figure 4. The four categories were considered to study the 
influence of sheath location and thickness on performance of 
anatomical implant. 
The performance of the implants was first characterised 
using the Maxwell criterion (21). This methodology uses 
relative density as the primary parameter to characterise the 
stiffness of the structure. Accordingly, the relative density 
 #$% of all the ten implant designs were derived as 
listed in Table 3. It can be seen that the relative density of all 
the designs are within a 0.25 and 0.45 range which is 
conductive of osseointegration (22,23). It must be noted that 
these models cannot consider the geometrical effect of sheath 
as Maxwell models assumes all links as beams and 
connections as joints. 
The highest relative density of the implant was exhibited 
by the design OS5, which featured only an outer sheath 
having a thickness of 0.6 mm. The lowest was exhibited by 
NS1 which featured no sheath at all. 
It can also be seen that OS1 and IS3 feature similar 
relative densities despite the difference in sheathing strategy 
employed. A similar trend can be observed for designs OS2 
and IOS1 despite featuring different sheathing strategies. 
From Figure 6 it is evident that a higher relative density 
gives rise to a higher stiffness as represented by the Young’s 
modulus. The lowest theoretical Young’s modulus was 
exhibited by NS1 which was expected due to no sheathing 
strategy. The highest Young’s modulus was exhibited OS5 
which feature the largest outside sheath thickness. 
Comparing the theoretical performance of the implant 
designs, OS5 and OS4 shows comparable performance with 
difference of +6.29% and -8.02% respectively with reference 
to the Young’s modulus of the segmented tibia (18.01 GPa). 
 
Figure  14. Stress concentration based on the sheathing strategy 
considered, where (a) shows the normal stress distribution (MPa) 
for design IS2, (b) OS1, (c) IS3 and (d) OS2. 
From the finite element stress profile shown in Figure 7, it 
is evident that, the stress is uniformly distributed within the 
overall implant. However, using the external sheath would 
cause a higher stress concentration compared to internal 
sheath of similar thickness (Figure  14a-b). Furthermore, 
when the sheath thickness was increased to 0.3 mm (Figure  
14c-d) the outer sheath is dominating as the main load 
bearing structure. 
Comparing the normal stress for values for all the designs 
as shown in Figure 8. It is evident that increasing the sheath 
thickness induces a higher stress concentration with in the 
design. Increasing the inner sheath thickness from 0.1 to 0.2, 
the stress concentration increased by 2.76%. However, on 
subsequent increase in sheath thickness, the increase in stress 
concentration was much higher. Accordingly, to enable an 
even distribution of the stress, the sheath thickness must be 
kept to a minimum, preferably <0.2 mm. 
For the outer sheath design, both increasing and 
decreasing the thickness seems to affect the stress 
concentration drastically. However, the stress concentration 
reduced at thicknesses 0.3, 0.4 and 0.5 in comparison to 0.2 
and 0.6. furthermore, the outer sheath strategy seems to be 
(a) (b) 
(c) (d) 
Journal XX (XXXX) XXXXXX Author et al  
 8  
 
superior from a stress perspective compared to inner 
sheathing and non-sheathing strategy. 
Consequently, sheath thickness must be carefully chosen 
to not become the primary load bearing structure. The 
combination of inner and outer sheath ensures that the stress 
is uniformly distributed as shown in Figure  15b compared to 
a non-sheathed design (Figure  15a). From this analysis, it is 
evident that varying the sheath location and thickness can be 
done to prevent or optimise for maladapted stress 
concentration (24). 
 
Figure  15. Stress distribution (MPa) for (a) non-sheathed design 
versus (b) external and internal sheath design. 
In this regard, it was deemed most suitable to pursue a 
design incorporating both inner and outer sheath (IOS1). 
This design also offers additional safety due to the absence of 
sharp corners that is a feature in open cell anatomical 
designs. Furthermore, consideration was given to the DMLS 
manufacture process which would require unviable support 
structures in the case of an open pore anatomical structure. 
Figure 9-10 shows that the Maxwell criteria cannot be 
used to predict the stiffness of sheathed anatomical implants. 
The Maxwell criteria underestimated the E at relative 
densities below 0.34. and overestimated when the relative 
density increased. This can be due to the irregular anatomical 
nature of the geometry and the non-uniform lattice geometry. 
Furthermore, the Maxwell criterion is purely based on 
relative density and assumes that the material is distributed 
evenly within the global structure. When comparing the 
performance, design OS5 showed the worst agreement 
between the two methods at a difference of 39.3%. The best 
agreement was exhibited by IOS1 at a percentage difference 
of 0.16%. 
Comparing the finite element performance, NS1 and OS5 
showed the lowest and highest Young’s Modulus. This was 
expected as the design NS1 featured no sheath and OS5 the 
highest sheath thickness of all the designs simulated. In 
comparison to the Young’s modulus of the segmented bone 
at 18.01 GPa, the best performance was exhibited by designs 
IS2 at a difference of 21%. However, the performance of IS2 
is primarily due stress concentration, consequently, IOS1 
was considered for manufacture. Based on the overall stress 
profile (Figure 8), the introduction of sheathing strategy 
makes the mechanical behaviour of the designs complex. 
The numerical analysis of IOS1 resulted in a Youngs 
Modulus of 11.94 GPa. The FEA results were validated 
using the Maxwell stability criterion and experimental 
compression test. Comparing the simulated E values with 
experimental and analytical (Maxwell) results, a difference 
of 20% and 0.16% was observed respectively. When 
simulating lattice geometry, a difference between FEA and 
experimental methods of 2 folds are often reported (25-28). 
This can be primarily attributed to the difference in the 
implant geometry fabricated using SLM in comparison to the 
idealised CAD model. When additively manufacturing Ti64 
thin wall structures below 300 µm (<0.3 mm), the wall is 
composed of fully and partially melted material layers. This 
effect is significantly large for IOS1 as it features an internal 
and external sheath of 0.1 and 0.23 mm respectively. 
In addition, an average layer thickness variation of 56.78 
µm (Figure 13) shows there is a thickness variation of at least 
±0.05 mm. Furthermore, the finite element models of the 
implant designs were simplified by modelling the volume 
representing the cellular structure as a continuum part, with a 
single value being assigned for the elastic modulus. Due to 
the nature of ALM, the properties of the sheath and unit cell 
are not the same. Considering this, the results of the 
simplified model in this study are in reasonable agreement 
between the two methods. 
Accordingly, it can be said that the simulation procedure 
presented in this paper is suitable for predicting the 
performance of sheathed implant designs. However, it is 
acknowledged that attention is needed when adopting the 
simulation procedure for vastly different lattice architecture. 
It is promising to see that the Maxwell stability criterion fits 
well with the chosen sheathed implant considered in this 
study. 
The experimental test curve (Figure 12) exhibited a 
typical profile that can be expected from Ti64. The test 
resulted in a Young’s Modulus of 14.58 GPa which is 
slightly lower than the segmented bone (18.01 GPa). The 
implant exhibited a bearing strength of 1.02 GPa, compared 
to the Ti64 bulk data of 1.74 GPa; this is a percentage 
reduction of 58.6% at a relative density of 0.33.  
The usual working stress that can be expected at the 
segmented tibial section based on a load of 100 kg for static 
and dynamic loading is ~5.5 and ~55.5 MPa respectively. In 
comparison, the IOS1 is far superior exhibiting a bearing 
strength approximately twice that of the dynamic working 
stress in tibia. 
Evaluating the deformation of the sample itself was 
outside of the scope of this study. This because in biomedical 
engineering, the expectation is for the implant to be in its 
elastic range throughout service cycle.   
(a) (b) 
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The visual inspections using the confocal optical 
microscope revealed a mean roughness of 56.78 μm (Figure 
13). The results also showed that the DMLS manufacturing 
process delivered a consistent surface roughness across the 
implant topology. Considering the effect of topology on cell 
attachment, proliferation and extra-cellular matrix 
production; open porosity is needed to allow the cell to 
invade the structure. 
From the works of Bonfield (29), particularly focusing on 
bone scaffolds, pore size and surface roughness of 
approximately 50 μm can accommodate osteoblasts 
efficiently. Precursor osteoblasts that are of interest to this 
study, are around 10 μm, spherical with filopodia, only 0.1 
μm thick, used to cling on to surfaces. However, it is 
important to note osteoblasts can be found in various sizes; a 
mature osteoblast can be over 200 μm. Nevertheless, the 
bone growth on the implant surface can be accelerated using 
suitable bioactive agent (2,30-32). 
Taniguchi, et al., (33), compared SLM manufactured Ti 
lattice structures using porosity of 60%, with respect to the 
level of bone-implant fixation and cancellous bone ingrowth, 
in vivo. The results showed that for ingrowth, pores around 
600 μm and 400 μm performed best and worst respectively.  
In comparison, this work presents implant porosities ranging 
from 57-75% as listed in Table 3. Furthermore, the design 
featured pore sizes of 590, 700 and 820 μm as shown in 
Figure  16a-c. 
 
Figure  16. showing the diameter of porous cavities within the 
implant design (a) sectioned in top plan midway through the unit 
cell, (b) sectioned in top plan completion of first unit cell and (c) 
sectioned in right plane. 
Nevertheless, it must be noted that only the top and 
bottom surfaces of the implant come in contact with the 
bone. Therefore, bone in growth is expected to occur at the 
top and bottom surfaces, and osteo-conduction occurs along 
the inner and outer sheathed surfaces when the implant is 
treated by suitable bioactive agent. Therefore, the only pore 
size that will have an influence on bone growth is the 820 
µm shown in Figure 16b. The other geometrical pore sizes 
shown in Figure 16a and c has a negligible effect on bone 
growth. 
Implant failure due to Young’s Moduli mismatch between 
the host bone is well documented (27,34). One of the most 
important challenges in this field is to tailor the desirable 
mechanical properties to minimise this failure. Titanium has 
strong compressive properties with relatively low Young’s 
Modulus in comparison to steel. However; bulk titanium 
exceeds the Young’s Modulus of cortical bone by more than 
three-fold resulting in stress shielding and subsequent 
weakening of the connection between the bone and the 
implant (35).  
The implant design presented in this paper shows a 
Young’s Modulus of 14.58 GPa (experimental) which is 
closer to the lowest value of Young’s Modulus of cortical 
bone (18-25 GPa). The slightly lower Young’s Modulus of 
the presented implant in comparison with bone is beneficial 
to accelerate the process of osteointegration (36). 
It is anticipated that after a period of bone growth, 
Young’s Modulus of the implant will match that of 
surrounding bone. Overall, this will reduce the requirement 
for implant arthroplasty due to implant loosening (37). 
Furthermore, the high volumetric porosity of the implant 
along with rough surface roughness of Ti64 is expected to 
accelerate the process of osteogenesis in the presence of a 
suitable bioactive agent (2,30-32). Finally, the advantages of 
the presented implant over conventional ones includes easy 
implantation in surgical operation and allows for the 
reduction of stress shielding. 
5. Conclusion 
This research investigates the mechanical performance of 
Ti64 biomedical implants that anatomically mimics the tibial 
bone section. The design methodology to match the 
segmental tibial anatomy was based on data captured using 
X-ray tomography. A total of ten implant designs under four 
categories namely: no sheath (NS), inner sheath (IS), outer 
sheath (OS) and inner + outer sheath (IOS) were 
investigated. It was found that sheathing is a potential 
strategy worth considering to reduce stress concentration in 
porous implants. However, the location and thickness of the 
sheath must be carefully considered with respect to the 
surrounding porous lattice structure. For IS strategy, 
increasing the thickness increases the stress concentration 
within the implant. For external sheath, the best performance 
was for a thickness of 0.4 mm, any reduction or increase was 
found to drastically increase the stress concentration. 
Overall, the best performance was observed when both an 
inner and outer sheathing was employed. The results of the 
best performing implant design (IOS1) showed a Young’s 
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tibial segmented bone. Furthermore, the measured mean 
surface roughness of 56.78 μm is constructive for 
osteogenesis in the presence of a suitable bioactive agent. It 
is anticipated that the presented porous, sheathed implant 
design can be considered for both cemented and uncemented 
tibial segmental replacement.  However, future work is 
required based on in-vitro incubation using bio-reactors to 
estimate the actual bone ingrowth within the implant under 
dynamic loading. 
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